The ability of humans to perceive the spatial orientation of an occluded arm was investigated. It was hypothesized that this ability is tied to the arm's inertial eigenvectors, invariant mechanical parameters corresponding to a limb's axes of rotational symmetry. By breaking the coincidence between the eigenvectors of the arm and its longitudinal axis, 3 experiments were directed at the possibility that the perceived orientation of an occluded arm would vary as a function of the eigenvectors. Overall, the angles in which the arm was positioned were affected by the direction in which the eigenvectors of the limb were oriented by small appended masses. Discussion focused on the importance of physical invariants for proprioception.
deeper tissues with movements of the joints. Dynamic touch involves the stimulation of skin and other tissues in combination with muscular exertion. Gibson explained that dynamic touch "is a perceptual system in its own right. More than any others, it is perception blended with performance, for the information comes from muscular effort" (1966, p. 128) . Although all three types of touch are the product of time-varying quantities of mechanical energy acting over the tissues of the body, dynamic touch is different from cutaneous and haptic touch in that the sensitivity of the muscles plays a greater role in the detection of information than does sensitivity of the skin. Dynamic touch, in short, is the haptic subsystem most locked into the "muscle sense" (Fitzpatrick, Carello, & Turvey, 1994) .
Charles Bell (1826 Bell ( , 1836 ; see also Boring, 1942) argued that muscles contain sensory as well as motor fibers, the sensory fibers being responsible for what he termed the sixth sense or muscle sense that serves both a proprioceptive and exteroceptive role. Bell (1836) explained that "without a sense of muscular action or a consciousness of the degree of effort made, the proper sense of touch could hardly be an inlet to knowledge at all" (p. 100), and "that there is no other source of knowledge, but a sense of the degree of exertion in his muscular frame, by which a man can know the position of his body and limbs, while he has no point of vision to direct his efforts, or the contact of any external body" (p. 101). Following the discovery of sensory receptors innervating joint capsules, however, this hypothesis was rejected in favor of the alternative that position sense is provided by the joints (Shepherd, 1988; Skoglund, 1973) . After research by Clark and Burgess (1975; see also Burgess & Clark, 1969) indicated that joint receptors are primarily activated at extreme joint positions and rarely over the middle range, the proprioceptive role of the joints was in turn called into question. It seemed that joint receptors do not contribute to position sense but rather serve a protective role by eliciting fast-acting reflexes that prevent joint dam-age as extreme positions are reached (Clark & Burgess, 1975; Clark & Horch, 1986) .
It is now believed that a sense of limb position and movement is provided by slowly adapting muscle mechanoreceptors consisting of the muscle spindles, which respond strongly to the rate of muscle stretch, and the Golgi tendon organs, which signal the overall tension developed in the muscle (e.g., Clark & Horch, 1986; Matthews, 1982; McCloskey, 1978; Shepherd, 1988) . It is possible that the muscle spindles provide the central nervous system with signals specific to muscle length and the rate of change of this length (Clark & Horch, 1986) . More likely, however, is the possibility that the spindles do not signal absolute muscle length but rather that the pattern of activity defined over the antagonistic musculature at a joint is unique to joint angle (Burgess, Wei, Clark, & Simon, 1982) as well as changes in joint angle (Gilhodes, Coiton, Roll, & Ans, 1993) . Muscle spindle and Golgi organ activity, distributed over the muscles acting at a joint, seem to provide a fieldlike description of muscle deformation. Such a description is best quantified by a hypernumber or holor (Moon & Spencer, 1965 , 1986 , of which vectors and tensors are wellknown examples. The "muscle sense," in sum, may be treated tensorially (Fitzpatrick et al., 1994; Pellionisz & Llinas, 1985; Solomon, 1988) . This hypothesis is consistent with the observation that conscious perception of the muscle sense is referred to the relevant joint or the overall "body image," rather than to the muscles themselves (Burgess et al., 1982; Matthews, 1982; McCloskey, 1978) .
Evidence for the existence of a muscle sense in proprioception is provided by the fact that limb positions can be perceived without the contribution of joint receptors, as demonstrated by the ability of participants with artificial (Grigg, Finerman, & Riley, 1973) or anesthetized (Goodwin, McCloskey, & Matthews, 1972a , 1972b Kelso, 1977) joints to sense active movements about those joints. Further evidence is provided by the existence of illusions of limb position and movement induced by muscle-tendon vibration (e.g., Eklund, 1972; Goodwin et al., 1972a; Goodwin, McCloskey, & Matthews, 1972c; see Jones, 1988 , for a review). Craske (1977) for example, found that vibrating the wrist flexor tendon at the elbow results in position errors at the wrist, the joint on which the muscle acts, rather than at the elbow, the joint at which the vibration is applied. Vibration applied to a muscle tendon excites muscle spindles by virtue of their sensitivity to rate of muscle stretch and thus results in illusory limb position and movement corresponding to muscle lengthening (e.g., Goodwin et al., 1972a) . Furthermore, the velocity and shape of illusory movements have been found to match the pattern of frequency modulation in the vibration applied (Gilhodes et al., 1993 ). These findings demonstrate that sensory signals originating in muscle-spindle receptors can contribute to the perception of limb position and movement despite any contrary information that may be provided by joint or skin receptors (Goodwin, 1976; Goodwin et al., 1972a; McCloskey, 1978) .
Although evidence for the existence of a muscle sense has traditionally focused on its proprioceptive role, a recent body of work has been directed at its exteroceptive role. Much of this research has been directed at the perceptual subsystem of dynamic touch. Specifically, it has investigated the ability of participants to perceive properties of hand-held objects they can wield but cannot see.
Movement Dynamics and the Inertia Tensor
The perception of object properties by wielding, termed dynamic touch, is a prominent example of exteroception through the muscle sense. When one grasps and rotates an occluded object, there is conjointly perception of aspects of the object and perception of how the body segments are oriented relative to the object held, and vice versa. Research has identified the inertia tensor l if a quantity with the dimensions of mass X length 2 (e.g., Ayra, 1990) , as the relevant mechanical quantity to which such perception is tied (e.g., Solomon, 1988; Solomon & Turvey, 1988; Turvey, Solomon, & Burton, 1989) .
Rotational motions about a fixed point of the kind characteristic of movements about a joint follow from (1) where • is the matrix product and X is the vector cross product (Ayra, 1990; Goldstein, 1980) . In rotating a given object, the torque N t , angular velocity atj, and angular acceleration d)y vectors are time dependent. The quantity l if however, is time invariant. /,-, is a parameter (a constant) that couples the varying torques and varying motions of wielding. As a time-independent and coordinate-independent quantity, /,-, is an invariant rendering of the persistent material distribution of the rotated object. With a given point of rotation, 7,y does not change. It can, therefore, be used to quantify the information for perceiving the object's unchanging dimensions. Even when an object's motions occur about several joints such as the wrist, elbow, and shoulder taken singly or in combination, an invariant rendering of I tj can be found that maps onto perceived object properties (Pagano, Fitzpatrick, & Turvey, 1993) . The implication is that dynamic touch is tuned to the invariant parameters of the object's dynamics rather than to the varying states (e.g., displacements, velocities) and torques.
In light of this research, a useful summary is that I tj provides the domains for two sets of functions, one consisting of the principal moments of inertia or eigenvalues that map onto perceived object "magnitudes" such as object length (Fitzpatrick, et al., 1994; Solomon & Turvey, 1988; Solomon, Turvey, & Burton, 1989a , 1989b , shape (Burton, Turvey, & Solomon, 1990) , and weight (Amazeen & Turvey, in press) , and one consisting of the principal axes of inertia or eigenvectors that map onto perceived "directions" such as the orientation of an object to the hand Turvey, Burton, Pagano, Solomon, & Runeson, 1992) and the location of the hand relative to a wielded object (Pagano, Kinsella-Shaw, Cassidy, & Turvey, 1994) , The eigenvalues (7 1; 7 2 ,7 3 ) are the object's resistances to rotation about the respective eigenvectors (e 1? e 2 , e 3 ), where one eigenvalue is the maximum moment of inertia for the object (7j), one eigenvalue is the minimum moment of inertia (7 3 ), and the remaining eigenvalue is intermediate (7 2 ). Thus the eigenvectors are the axes of maximal (gj), minimal (<? 3 ), and intermediate (e 2 ) resistance to rotational acceleration. For any real object, unique eigenvectors and eigenvalues can be found about any given point of rotation (except for cases of degeneracy, such as when 7 2 = 7 3 ). Given the concepts of eigenvectors and eigenvalues, Equation 1 can be written in component form, which expresses the particular equations of motion for wielding an object about a fixed point (Ayra, 1990; Goldstein, 1980; Starzhinskii, 1982) . These are referred to as Euler's equations of motion:
Given that any torque N f about any arbitrary axis through O is expressed in terms of the above equations, it follows that any act of wielding involves /,-,-in its entirety. The eigenvectors are the directions, with respect to O, about which the object's resistances to rotation are distributed evenly; they are the symmetry or body axes with respect to the fixed point. These principal directions are fixed in the object and rotate with it. As noted above, eigenvectors, expressed within a spatial frame of reference, have been found to affect the perceived orientation of occluded objects consisting of a stem and one or two branches perpendicular to the stem Turvey et al., 1992) as well as the perceived location of grasp along occluded rods (Pagano et al., 1994) .
The Eigenvectors of the Inertia Tensor: Candidate
Parameters for Proprioception
The understanding of dynamic touch summarized in the preceding section may apply not only to how one perceives "attachments to the skin," such as tools and instruments, but also to the very traditional concern of how one perceives the body itself. Because the body, its limbs, and its limb segments are describable through 7,-,s-defined about the respective rotation points in the joints-it can be hypothesized that a person's knowledge about the dimensions and directions of his or her body and its appendages is given continuously by the eigenvalues and eigenvectors of the respective tensors. Simply put, this ability of dynamic touch to use the tissue deformation consequences of 7,^ may have a proprioceptive role.
Of particular importance to the present hypothesis is the shape of limbs; the universal biological shape seems to be cylindrical. Bodies of animals are composed of cylindrical parts, approximately round or elliptical in cross-section with a readily identifiable longitudinal axis (Wainwright, 1988) . The spatial orientation of a cylindrical object can be defined by the orientation of the longitudinal axis. For example, the geometric orientation of a limb segment can be determined from the angle created by the longitudinal axis, such a method being analogous to specifying the orientation of limb through joint angles. An alternative and, specifically, dynamic definition of a cylindrical object's orientation assumes it to be in motion about an end point corresponding to a relevant joint. The spatial orientation of e 3 about that point will be coincident with the geometric orientation of the longitudinal axis. That is because the point of rotation for a limb segment, located at a joint, is typically on the longitudinal axis of that segment. The crux of the matter is that although the shape of a limb or object, and thus its longitudinal axis, is a geometric property, the haptic system is stimulated by mechanical parameters. The inertial eigenvectors are mechanical parameters and thus may quantify properties of tissue deformation patterns. The coincidence of the longitudinal axis orientation and the orientation of e 3 may allow one to know about the former by means of the latter through dynamic touch (e.g., motions of the limbs). That is, generalizing from what has been shown to be the case with hand-held objects, the hypothesis is that one can know about the spatial orientation of a limb by detecting its eigenvectors. By breaking the coincidence between the eigenvectors and the longitudinal axis of the arm, the series of experiments described below is directed at the possibility that perception of limb orientation is a function of a limb's eigenvectors.
Experiment 1
In each experiment in this series, the eigenvectors of the arm were manipulated by asking participants to hold an object with small appended weights. The object was crossshaped, consisting of two wooden dowels attached perpendicularly at their midpoints. The object was held such that one dowel, the stem, extended backward against the inside of the forearm and upper arm coincident with the longitudinal axis of the arm and forward from between the middle and ring fingers. The other dowel, the crosspiece, extended laterally from either side of the closed fist, and was held so as to remain parallel to the ground plane. When held in this manner, the stem of the object points in the same direction as the arm. That is, the longitudinal axis of the cylindrical stem is parallel to the longitudinal axes of the forearm. Thus the tasks "point the arm in a particular direction" and "point the stem in a particular direction" are one and the same. Masses were added to the crosspiece to alter the eigenvectors of the arm-rod system.
The hand-held objects, along with the three mass conditions used in Experiment 1, are depicted in Figure 1 . In each example in Figure 1 , e 3 is indicated by an arrow, the arm by solid lines, the object by dashed lines, and the masses by black squares. The e^ and e 2 eigenvectors also extend from O, both being perpendicular to e 3 and to each other, with ep erpendicular and e 2 parallel to the ground plane. The rotation of e z depicted in Figure 1 also involves an equal rotation of e 2 , both rotating in the same direction by the same amount. The masses were attached to the object so as to reorientate <? 3 of the limb plus object configuration to the Figure 1 . The e 3 eigenvector of the arm was manipulated by appending small weights to a hand-held object. left, to the right, or not at all (see Figure 1 left, right, and center, respectively). The rotation of e 2 and e 3 occur about O, so that in effect they rotate about e l} which remains unaltered by the mass manipulation. In all cases, the geometric orientation of the arm (as specified by shoulder joint angles) remained unaltered. For one third of the trials in Experiment 1, a 200-g mass was attached to the crosspiece 16 cm to the left of the object's midpoint such that when placed in the hand, the mass would be 16 cm to the left of the hand's center. The effect was to rotate e 3 of the arm an estimated 2.1° to the left (with a point of rotation in the shoulder and both the elbow and wrist joints fixed, and 0°b eing coincident with the longitudinal axis of the arm). In another one third of the trials, a 200-g mass was attached 16 cm to the right of the object's midpoint. The effect was to rotate e 3 of the arm an estimated 2.1° to the right. In the remaining trials, two 100-g masses were attached to the object, one 16 cm on either side of the midpoint, such that e 3 of the arm remained unaltered by the addition of the symmetrically weighted object, while the eigenvalues equaled those of the single 200-g mass configurations. By manipulating the eigenvectors in a horizontal plane in this manner, the limb's eigenvalues, overall mass, and gravitational torque remained invariant over each of the experimental conditions, ruling out any possibility of observed effects being due to these parameters. Importantly, the right versus left positioning of the 200-g mass changed the arm's eigenvectors without changing the angle of the arm at the shoulder. The eigenvalues and geometric orientation of the arm remained unaffected by the manipulation of the eigenvectors and were similar in all conditions. In consequence, an effect of mass position would be contrary to the hypothesis that the perception of the arm's direction is based solely on the arm's angle to the shoulder.
To determine haptically perceived arm direction, we asked participants to point to a target with an occluded arm while holding the object horizontally. The expected outcome was that, relative to the participant's pointing in the symmetrical mass condition, the participant would point farther to the right when the left side was weighted and farther to the left when the right side was weighted. This was the expected outcome from the hypothesis that the perceived orientation of the arm will vary with the manipulation of the arm's eigenvectors. If, for example, the arm was pointed 2° to the left of a target and the participant perceives it to be pointed directly at the target, then the participant perceives the arm in that configuration to be 2°t o the right of its actual orientation.
To ensure that any left or right bias observed in the participant's overall pointing behavior is due to the manipulation of e 3 in the horizontal plane, participants were asked to keep the orientation of the object crosspiece horizontal at all times. Thus, participants were free to rotate about e± and e 2 , as well as all axes in the e^-e 2 plane. According to Equations 2-4, these motions should be adequate to reveal all three eigenvectors. Rotations about an axis other than an eigenvector produce torques about the orthogonal axes according to the existence of products of inertia. With rotations about an arbitrary x axis for example, the existence of xy products of inertia induces torques in the xy plane about the z axis, with the direction of these torques determined by the sign of the products (e.g., Goldstein, 1980) . In such a case, "bearing forces" are required by the system to cancel these torques. In the present experiment, rotations about any axis in the e^-e^ plane (other than e l or e 2 ) induce torques about e 3 , which must be canceled by the participant to comply with the intention of keeping the object horizontal.
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Method
Participants. Eight graduate students associated with the University of Connecticut participated in Experiment 1 on a volunteer basis. Six were men and 2 were women; 1 male participant was left-handed, and the remaining 7 participants were right-handed. None of the participants had any foreknowledge of the specific hypothesis in question nor of the experimental conditions in use.
Materials. Two cross-shaped objects were constructed of cylindrical oak dowels 0.45 cm in diameter for the stem and 0.60 cm in diameter for the crosspiece, with a density of 0.757 g/cm 3 . The two parts of the cross were joined at their center by a metal brace. The crosspiece extended 30 cm to either side of the object's stem, which extended 45 cm forward and backward from the center. The total mass of each object, excluding added weights, was 157.1 g. A 200-g mass was attached to the crosspiece of one object 16 cm from the object's midpoint such that when placed in the hand the mass would be either 16 cm to the right or left of the hand's center, depending on the orientation of the object. Two 100-g masses were attached to the crosspiece of the second object, one 16 cm to either side of the midpoint.
Apparatus. The apparatus consisted of a horizontal curtain stretched across a wooden frame supported above the floor by wooden legs. The participant stood with the chin resting on the edge of the curtain. The height of the curtain was adjusted to be at the height of each participant's chin while the participant was standing comfortably. The curtain was 1.22 m in width, and extended forward 0.90 m from the participant's chin. The curtain occluded the participant's view of the body below the chin. Three targets were positioned along the opposite end of the curtain within the participant's view. One target was located directly across from the participant's chin, with the others 20 cm to either side of it. Each of the three targets consisted of a 1 X 5 cm black line oriented vertically in the center of a 3 X 9 cm white background and was labeled (from participant's left to right) "A," "B," and "C" using prominent 1.8-cm tall black letters. As illustrated in Figure  2 , participants intended to orient the occluded arm to one of the three visual targets. In the example depicted, the participant intends to point to the center target. Because of the mass added to the object, the e 3 of the object plus limb combination has been reoriented (about the shoulder) to the participant's right, thus resulting in a pointing error to the participant's left.
Procedure. In each trial of the experiment, one of the two objects was placed in the participant's right hand. The participant was instructed to explore the object plus arm combination by moving the right arm under the curtain, with the wrist and elbow fixed and keeping the orientation of the crosspiece horizontal with respect to the ground at all times. No experimental controls were used to force participants to comply with this wielding restriction, thus small rotations about e 3 were inevitable. The participants, however, appeared to comply with the restriction quite well. Otherwise, these exploratory movements, which lasted 15 s, involved rotations about the shoulder in directions and velocities chosen by the participant. The arm was not supported by the apparatus. The experimenter instructed the participant when to initiate the movement and when to conclude. The command to conclude the movement consisted of the identification of one of the targets to which the participant was to point before the cessation of motion. Thus, the experimenter began a timer simultaneously with signaling the participant to begin exploratory movements; 15s into the trial the experimenter called out "A," "B," or "C," depending on which target was to be used during that trial. The experimenter was able to record the actual pointing orientation with the aid of a tape measure affixed to the far side of the apparatus. This tape could not be seen by the participant. Note that the targets were above the occluding screen, while the arm and measuring device were below the screen. It was not possible for the distal tip of the object to come above the screen, so participants were instructed to point "just below the target." The three mass conditions described above were used to displace <? 3 to the left or right of 0° or to keep it at 0°, where 0° is coincident with the longitudinal axis of the arm. Each of the nine different conditions (3 target X 3 mass configurations) was presented to the participant four times for a total of 36 trials.
Each participant received the 36 trials in a different randomized order. The participants rested the arm for about 1 min between trials, but they were allowed to take longer breaks as needed to avoid becoming fatigued. The arm remained occluded during the entire experiment, and participants received no feedback about their performance. The experiment lasted about 40 min per participant.
Eigenvector Calculations
The orientation of e 3 was computed for each arm plus object combination using regression equations and procedures provided by Reynolds (1978; see also Chandler, Clauser, McContville, Reynolds, & Young, 1975; Clauser, McContville, & Young, 1969) applied to the body dimensions of one representative participant (see Appendix for the regression equations and body dimensions used; see also Barac-Cikoja & Turvey, 1993 , for a similar use of these equations). From these regression equations the mass, distance of the segment center of mass from the point of rotation in the shoulder, and principal moments of inertia for the limb segments were computed. The parallel axis theorem was then used to transform the principal moments of inertia for each segment about its respective center of mass to moments and products of inertia about the shoulder, and these quantities were combined with those for the object and attached masses to get the moments and products of ly about O for the limb plus object combination of each mass condition (see Table I ).
2 Each /,-, was diagonalized to arrive at its eigenvalues and eigenvectors. The eigenvectors, expressed as coordinates in O^y,, were transformed into angles about O. In each case e^ remained perpendicular to the longitudinal axis of the arm, and <? 2 and e 3 were reoriented by the same amount within a plane perpendicular to e t , where 0° would be coincident with the longitudinal axis of the arm. From these calculations it was estimated that the mass conditions caused e 3 of the arm to be oriented 2.1°t o the left of the arm's longitudinal axis, 0°, or 2.1° to the right, or -2.1°, 0°, and 2.1°, respectively.
Results
The actual target direction for Targets A, B, and C relative to the point of rotation in the shoulder were -20.4°, -8.7°, and 3.8°, respectively, where 0° would be pointing directly forward along a line perpendicular to the line of targets. Thus, higher pointing directions, in degrees, correspond to more rightward pointing. The pointing directions averaged across participants for the three targets and three mass conditions in Experiment 1 are presented in Table 2 . Overall, the mean pointing direction (D p ), expressed as a deviation from actual target orientation, for the mass to the right, the mass symmetrical, and the mass to the left was -0.69°, 0.94°, and 2.07°, respectively, and D p for Targets A, B, and C were 1.43°, 0.79°, and 0.08°, respectively. A Figure 2 . The apparatus used in Experiment 1. Participants intended to orient the right arm to one of three visual targets. The arm was occluded by a horizontal screen. 3X3 analysis of variance (ANOVA) with within-subject factors of mass configuration and target location confirmed a main effect for mass, F(2, 14) = 37.9, p < .0001, and target, F(2, 14) = 7.3, p < .01. The interaction was not significant (F < 1). The main effect for target indicates that the more leftward the target, the greater was a tendency to point to the right of that target. The main effect for mass indicates that the participants' pointing was reliably biased by the mass condition. A Tukey honestly significant difference (HSD) test determined that D p with the mass to the left was significantly larger (more rightward) than D p with the mass symmetrical (p < .01), and D p with the mass to the right was significantly smaller (more leftward) than D p with the mass symmetrical (p < .01). The mean pointing directions as a function of mass condition for each of the 8 participants in Experiment 1 are presented in Table 3 , with corresponding standard deviations given in Table 4 . As predicted, compared with pointing in the symmetrical mass condition, participants pointed farther to the right when the left side was weighted and farther to the left when the right side was weighted. This pattern was evident in all 8 partic- ipants. Thus, the direction of pointing was biased to the direction in which the eigenvectors were reoriented by the added weight.
The nine D p values from Table 2 were used to derive a measure of observed pointing bias due to the mass conditions by subtracting from each the mean pointing bias for the corresponding target (1.43°, 0.79°, and 0.08° for targets A, B, and C, respectively). Simple regression of this observed bias on the mass conditions (2.1°, 0°, and -2.1°, which correspond to a predicted bias when multiplied by -1) resulted in an r 2 = .98 (p < .0001) and a slope of 0.65 (see Figure 3) . The lower and upper 95% confidence intervals of this slope were 0.56 and 0.75, respectively, indicating that the slope was significantly less than predicted. In summary, the results of Experiment 1 indicate that perceived arm orientation shifts with perturbations of the limb's e 3 , but not to the magnitude predicted by our calculations of the limb's inertia tensor.
Experiment 2
In Experiment 1, it was found that relative to a symmetrically weighted condition, participants tended to point farther to the right when a mass was appended to the left of their arm and farther to the left when a mass was appended to the right of the arm. These results are consistent with the hypothesis that the perceived orientation of a limb in space is biased by the orientation of that limb's eigenvectors. We extended these findings in a second experiment using a greater number of mass conditions. Although Experiment 1 manipulated e 3 of the limb in a left or right manner, in Experiment 2 we introduced left and right excursions of varying magnitudes.
The hand-held objects from Experiment 1 were used in Experiment 2. Masses were attached to one or both sides of the object's crosspiece in four configurations: 200 g placed 18.5 cm to the left of the midpoint, 150 g placed 18.5 cm to the left and 50 g placed 18.5 cm to the right of the midpoint, 150 g placed 18.5 cm to the right and 50 g placed 18.5 cm to the left of the midpoint, or 200 g placed 18.5 cm to the right of the midpoint. Note that with 150 g placed on one side of the object and 50 g placed on the other side, the 50-g mass offset a portion of the mass asymmetry caused by the 150 g such that the net mass asymmetry was 100 g. Thus, the placement of the masses was such that when the object was held in the hand e 3 of the limb was oriented 2.4° to the left, 1.2° to the left, 1.2° to the right, or 2.4° to the right of the arm's longitudinal axis, respectively. As was the case in Experiment 1, the eigenvalues and geometric orientation of the arm remained unaffected by the manipulation of the eigenvectors and were similar in all conditions.
The expected outcome of Experiment 2 was similar to that of Experiment 1. Participants should be biased to pointing to the left in the "right-weighted 100 g" condition, and even farther to the left in the "right-weighted 200 g" condition; likewise, they should be biased to pointing to the right in the left-weighted conditions, with the magnitudes of these excursions corresponding to the magnitude of the 
Method
Participants. Seven male graduate and undergraduate students associated with the University of Connecticut participated in Experiment 2 on a volunteer basis. One participant was left-handed and the remaining 6 were right-handed. None of the participants had any foreknowledge of the specific hypothesis in question nor of the experimental conditions in use. None of the participants had taken part in Experiment 1.
Materials. The cross-shaped wooden objects from Experiment 1 were used in Experiment 2 with the four different configurations of attached weight described above. The moments and products of ly about O for the limb plus object configuration of each mass condition are given in Table 1 .
Apparatus. The same apparatus as in Experiment 1 was used, with the addition of a partition immediately behind the targets. While Experiment 1 was being conducted, a concern arose that participants may have received a limited amount of feedback regarding their pointing performance by watching the experimenter observe their pointing orientations, despite the fact that the measuring apparatus remained occluded from the participant for the duration of the experiment. Although it was impossible for such feedback to be informative about the small pointing excursions distinguishing the different mass conditions, they could possibly inform the participant about a very general region pointed to on a given trial (e.g., the participant could tell if they pointed from around 15° to 30° to the left as opposed to 15° to 30° to the right). To remedy this, a partition was affixed to the apparatus that effectively occluded the participant's view of the experimenter during each trial of the experiment.
Procedure. The procedure was the same as in Experiment 1, except that four mass conditions were used. Computations revealed that the conditions that corresponded to e 3 were oriented an estimated 2.4° to the left of the arm's longitudinal axis, 1.2° to the left, 1.2° to the right, or 2.4° to the right (with 0° being coincident with the longitudinal axis of the arm). Each of the 12 different conditions (3 targets X 4 mass configurations) was presented to the participant three times for a total of 36 trials. Each participant received the 36 trials in a different randomized order. Participants rested their pointing arm for about 1 min between trials, but they were allowed to take longer breaks as needed to avoid becoming fatigued. The arm remained occluded during the experiment. Participants received no feedback about their performance. The entire experiment lasted about 40 min per participant.
Results
The pointing directions averaged across participants for the three targets and three mass conditions in Experiment 2 are presented in Table 2 . Overall, the D p for Targets A, B, and C were 1.78°, 1.06°, and 0.91°, respectively, and the D p with the mass asymmetry 200 g to the right, 100 g to the right, 100 g to the left, and 200 g to the left were -0.50°, 0.63°, 2.01°, and 2.86°, respectively. A 4 X 3 ANOVA with within-subject factors of mass configuration and target location confirmed a main effect for mass, F(3, 18) = 18.4, p < .0001, but not for target, F(2, 12) = 2.4, p > .10. The interaction was not significant, F(6, 36) = 1.1, p > .25. The main effect for mass indicates that the participants' pointing was reliably biased by the mass condition. A Tukey HSD test determined that D p with the mass 200 g to the left was significantly larger (more rightward) that D p with 100 g to the right (p < .01), and D p with the mass 100 g to the left was significantly larger than D p with 200 g to the right (p < .01). The mean pointing directions as a function of mass condition for each of the 7 participants are presented in Table 5 , with corresponding standard deviations given in Table 6 . As predicted, the trend was for the participants to point farther to the right when the left side was weighted and farther to the left when the right side was weighted. Furthermore, the magnitude of this excursion was proportional to the magnitude of the mass displacement on the object. Thus, the direction of pointing errors was biased by the direction and magnitude in which the eigenvectors were reoriented by the added mass.
The 12 D p values from Table 2 were used to derive the observed pointing bias due to the mass conditions by sub-"-3 -2 -1 0 1 2 3
Predicted Pointing Bias (Deg) Figure 3 . Mean pointing bias as a function of pointing bias predicted from the eigenvector orientations in Experiment 1 (y = .65* + 0, r 2 = .98); n = 9 (3 mass conditions X 3 targets).
trading from each the mean pointing bias for the corresponding target (1.78°, 1.06°, and 0.91°, for Targets A, B, and C, respectively). Simple regression of this observed bias on the mass conditions (2.4°, 1.2°, -1.2°, and -2.4°, which correspond to a predicted bias when multiplied by -1) resulted in an r 2 = .96 (p < .0001) and a slope of 0.66 (see Figure 4A ). The lower and upper 95% confidence intervals of this slope were 0.57 and 0.75, respectively, indicating that the slope was significantly less than predicted from the eigenvector calculations. The observed slopes and 95% confidence intervals obtained in Experiments 1 and 2 were nearly identical. This was confirmed by a multiple regression with a dependent variable of observed pointing bias, a continuous independent variable of eigenvector angle (predicted bias), and a categorical independent variable of experiment (Pedhazur, 1982) . A nonsignificant effect for experiment (F < 1) and a nonsignificant interaction (F < 1) indicated that the data from the two experiments may be characterized by the same regression line. The main effect for eigenvector angle was significant, F(l, 18) = 515, p < .001. Figure 4B depicts the relationship between predicted and observed pointing bias for the combined data of Experiments 1 and 2. The combined data resulted in an r 2 = .97 (p < .0001) and a slope of 0.66 with lower and upper 95% confidence intervals of 0.60 and 0.72, respectively. In summary, the results of Experiments 1 and 2 provide strong evidence that perceived arm orientation varies as a function of the orientation of the limb's mass distribution, as quantified by e 3 .
Experiment 3
In Experiments 1 and 2, participants were required to point an occluded arm toward a target available visually. The data collected from these experiments suggest that the inertial eigenvectors of the arm provide a basis for the haptic perception of limb direction. These data were in the form of terminal positions of the arm's trajectory, measured at the end of each trial. It would be useful to extend this finding to a second kind of data, namely, positions of the limb in space during controlled movements of the sort required when a limb must be positioned repeatedly. With that in mind, Experiment 3 was directed at the collection of kinematic data during a continuous activity, namely, a pointing task embedded within a rhythmic act. The task used in Experiment 3 required participants to maintain an oscillatory movement of the arm directed at two targets, where pointing was alternated from one target to the other using a continuous motion. Thus, the purpose of Experiment 3 was to extend the findings from Experiments 1 and 2, in which the exploration of the limb preceded the act of pointing, to the case in which the exploration of the limb and the pointing were concurrent.
The significance of Experiment 3 is the way in which the task is distinct from the one used in Experiments 1 and 2. Saltzman and Kelso (1987) have shown that distinct tasks may be modeled by topologically distinct dynamical systems. Specifically, the tasks discussed by them are those presently under consideration: a discrete motion to a single target versus a sustained cyclic motion between two targets. The state space of any pointing task can be made up of two parameters (or two sets of parameters), one corresponding to the position and the other to the velocity of the limb's endpoint. With a discrete motion to a single target, the time evolution of this state space is characterized by a point attractor (Abraham & Shaw, 1982) ; the velocities approach zero as the position approaches the target. The underlying dynamics involved in this task may be described as point attractor dynamics (Saltzman & Kelso, 1987) . With a sustained cyclic motion between two targets, the trajectories of these parameters converge onto a solid orbit, a stable limit cycle, or a periodic attractor (Abraham & Shaw, 1982) , where the positions of the system when velocity equals zero correspond to the positions of the targets. Thus, the underlying dynamics involved in this second task may be described as limit cycle dynamics. Despite the change in task and thereby a change in the nature of the dynamical system, the pattern of results from Experiments 1 and 2 was expected to be replicated in Experiment 3. That is, regardless of the task at hand, the dependency of perceived limb orientatian on the eigenvectors of /,-, is expected to remain the same.
It has been suggested that detection of gravitational torque N g acting at each joint may account for the perception of limb orientation (Worringham & Stelmach, 1985; Worringham, Stelmach, & Martin, 1987) . The torque produced at a joint because of gravity is proportional to the limb's angle relative to the gravitational vertical. N g is minimal when the limb's center of mass is aligned vertically with respect to the joint and maximal when the center of mass is aligned horizontally. Experiment 3 was designed so that N g would not be informative about limb position. In Experiment 3, we used objects and apparatus similar to those used in Experiments 1 and 2. Each participant was asked to point alternately at two targets using continuous horizontal motions of the entire arm. The participant's task was to move the arm to one target of a given pair, reverse the motion of the arm, move it to the other target, reverse the motion of the arm again to bring it back to the first target, and so on for the duration of the trial. With the motions of the arm, as well as the eigenvector manipulations, restricted to the horizontal plane, any differences in perceived arm position between the different mass conditions could not be attributed to N g , given the constancy of N g in that plane. By limiting movement to a plane perpendicular to gravity, we provide a more direct test in Experiment 3 than Experiments 1 and 2 of the eigenvector hypothesis versus the N g hypothesis. In further comparison with Experiments 1 and 2, where the participants were instructed when to begin and end exploratory movements, the participants in Experiment 3 set their own schedule of movements. Despite the differences, the pattern of results for Experiment 3 was expected to be similar to that of the previous experiments. Points of reversal were defined as the points where the participant reversed the motion of the arm, and thus the points at which the arm was perceived to be oriented toward the target. With respect to these reversal points in a symmetrical mass condition, points of reversal were expected to be farther to the left when the right side of the object is weighted and farther to the right when the left side is weighted.
The nature of the task used in Experiment 3 was such that participants were restricted to rotating the arm using motions primarily about an axis perpendicular to the horizontal, which corresponded to e^. According to Equations 2-4, rotations solely about e l should not be sufficient to reveal e 3 because such motions do not produce torques about e 2 or e 3 . Forces used by the participant to restrict the limb to movements occurring primarily in the horizontal plane, however, were directed about the other axes. Additionally, no experimental controls were used to force participants to comply with this wielding restriction, thus small rotations about e 2 and <? 3 were expected. These small motions should be informative about e 3 . Even minute rotations have been found to be sufficient to reveal Iy. In experiments by , I tj influenced the perceived lengths of rods that were held as still as possible by the participants, but not to the same extent as when the rods were actually rotated.
3 Therefore, the explorations used in Experiment 3 were expected to be sufficient to reveal the eigenvector manipulations, with the possibility that the observed bias due to the eigenvector manipulation would not be as strong as that observed in Experiments 1 and 2. Thus it is expected that the regression predicting observed bias from the eigenvector manipulation (predicted bias) would be significant but may exhibit a smaller slope than was observed in Experiments 1 and 2. A preliminary experiment in which we used a repetitive pointing task obtained reliable effects for only 4 of 7 participants. The task used, however, permitted participants simply to alternate pointing from the general vicinity of one target to the general vicinity of the other, possibly introducing a great amount of variability. A demand for increased accuracy was created in the present experiment by requiring the participant to point alternately to one of several targets positioned in close proximity to each other and to switch to a different set of targets indicated part way through each trial. Thus, the participant had to be careful to point only to those targets indicated for the current portion of that trial.
Method
Participants. Seven graduate and undergraduate students associated with the University of Connecticut participated in Experiment 3 on a volunteer basis. Four were women and 3 were men; 1 female participant was left-handed, and the remaining 6 participants were right-handed. None of the participants had any foreknowledge of the specific hypothesis in question nor of the experimental conditions in use.
Materials. The hand-held object used was similar to those used in Experiments 1 and 2. The cross-shaped object was constructed from two cylindrical oak dowels 0.6 cm in diameter joined together by a metal brace. The crosspiece extended 21.5 cm to either side of the center of the metal brace, and the stem extended 8.0 cm forward and 48.0 cm backward from the center of the metal brace. The total mass of the object, excluding added weights, was 136.9 g. A single object was used in the experiment, with masses added at the beginning of each trial and removed at the conclusion of each trial. The object was held in the hand at the metal brace, with the stem secured firmly to the participant's upper arm with velcro straps. During the experiment, masses were attached to the crosspiece of the object in three different configurations: 200 g to the left of the midpoint, 100 g to the left and 100 g to the right of the midpoint, or 200 g to the right of the midpoint. Masses were placed 20.0 cm from the midpoint of the cross. The moments of inertia for the object plus arm configurations were identical in each of the mass conditions, 5,122, 5,196 , and 122 g • cm 2 /l,000 for /", /",, and I zz , respectively. The products of inertia (I K ) were 240, 0, and -240 g • cm 2 /l,000 for the 200 g to the right, symmetrical, and 200 g to the left mass conditions, respectively (I xy = I yi = 0). The 7,-,-s for the object plus arm configurations were diagonalized to arrive at e 3 orientation for each mass condition. Calculations revealed that the placement of the masses were such that e 3 of the limb was oriented an estimated 2.7° to the left, 0°, or 2.7° to the right of the arm's longitudinal axis when the object was held in the hand. As was the case in Experiments 1 and 2, the arm's eigenvalues, as well as the angle of the arm at the shoulder, were similar in all conditions.
Apparatus. The horizontal curtain from Experiments 1 and 2 was lowered to be at chin level to the participant who was seated in a standard chair. Two sets of targets were placed at the far side of the curtain, -11.9° and 5.0° relative to the point of rotation in the shoulder, where 0° would be pointing directly forward along a line perpendicular to the line of targets. Each set consisted of an unlabeled central target, with two additional targets 5 cm to either side. The target to the left of each central target was labeled L and the one to the right was labeled R, using prominent 1.8-cm tall black letters. The L, central, and R targets in the first set were oriented -14.3°, -11.9°, and 9.5° with respect to the point of rotation in the shoulder, respectively (Set A). The L, central, and R targets in the second set were oriented 2.5°, 5.0°, and 7.5° with respect to the point of rotation in the shoulder, respectively (Set B). Kinematic data regarding the motions of the participant's arm were collected using a three-dimensional sonic digitizer (Science Accessories Corp., Westport, CT) and associated MASS kinematic analysis software (Engineering Solutions, Columbus, OH). To collect motion data on the oscillating limb, a high-frequency sound emitter (3.0 cm long and 0.5 cm wide) was attached to the distal tip of the hand-held object. The emitted sounds were detected by four microphones aligned in a plane perpendicular to the ground plane and parallel to the line of targets, at a distance 100 cm in front of the participant. The sonic digitizer calculated the xyz coordinates of the emitter in three-dimensional space, and thus the distal tip of the arm plus object configuration, by detecting the distances from each microphone to the emitter. The emitter's signal was sampled at 91 Hz for the duration of each trial, passed through an A-D converter, and stored on a PC computer's hard disk. Each individual trial lasted 21.9 s. Procedure. The participant was asked to begin each trial by pointing alternately from one central target to the other, each in turn, using rhythmic motions about the shoulder. The elbow and wrist joints were kept fixed by the object, which acted as a splint. The participant was instructed to move the arm alternately from one to the other target, without stopping at the targets. That is, when a target was reached the participant was to reverse the arm's motion, without pause, and continue moving toward the other target. The participant was asked to confine these motions to occur in a horizontal plane. No experimental controls, other than the instructions, were used to force the participant's motions to occur solely within the horizontal plane. Small vertical motions were therefore expected. Once the participant indicated that she or he felt confident that she or he was indeed pointing at the central targets, and thus performing with some degree of accuracy, the experimenter simultaneously started a timer and began collecting data with the sonic digitizer. After the timer indicated 7 s of data collection, the experimenter indicated "left" or "right," at which time the participant switched from moving between the central targets to pointing alternately at the L targets or R targets, depending on which were requested. It was stressed to the participant that she or he was to reverse motion while oriented as accurately as possible to a given target. The participant could oscillate the arm at any rate that she or he found comfortable.
Each of the six different conditions (3 weightings X 2 target directions, L or R) was presented to the participant three times for a total of 18 trials. Each participant received the 18 trials in a different randomized order. Thus, the participants did not know whether they would switch pointing to the L or R targets until it was called out by the experimenter 7 s into each trial. The participant's right arm was rested for about 1 min between trials; longer breaks were allowed as needed to avoid fatigue. The arm remained occluded during the entire experiment, and participants received no feedback about their performance. The experiment lasted about 40 min per participant. In effect, the task was to point from any point directly below one target (along a line perpendicular to the ground plane extending downward from the target) to any point directly below the other target. Thus the relevant dependent variable in this experiment was the degree of over-or undershoot, in a left-right direction, of the participant's points of reversal.
Results
The time series for each trial consisted of 2,000 sets of xyz coordinates for the distal tip of the hand-held object, one for every 11 ms. The x coordinate quantified the limb's movement from side to side, y quantified movement up and down, and z quantified movements forward and back. Of greatest interest were the points of reversal for the x coordinate, which corresponded to the orientation at which the participant perceived she or he was pointing toward a target, and thus reversed motion in order to move to the other target. Thus for Experiment 3, D p corresponded to the deviation of this point of reversal from the actual target orientation. Each time series was split into three blocks of 7 s each: the first (0 s < t £ 7 s), where the participant pointed toward the central targets; the second (7 s < t < 14 s), where the participant switched from the central to L or R targets; and the third (14 s < t < 21 s), where the participant pointed toward the L or R targets. The points of reversal of the x coordinate in each time block were separated from the remainder of the time series and averaged to get four mean x coordinates, one for each of the two targets during the first and third blocks of time. The mean x coordinates were converted into an angle within the xz plane about the point of rotation in the shoulder, with higher orientations (in degrees) corresponding to more rightward pointing.
Overall, D p values (mean deviation of the point of reversal from actual target orientation) with e z oriented 2.7° to the right, 0°, or 2.7° to the left of the arm's longitudinal axis were -2.01°, -1.25°, and -0.73°, respectively. A separate 2X2X3 ANOVA with within-subject factors of target set (A or B), time block (first or third), and mass configuration was performed on the L and R data. The main effect for time block was significant in each of these ANOVAs, F(l, 6) = 13.8 and 15.8, for the L and R targets, respectively,/? < .01, as was the main effect for mass condition, F(2, 12) = 6.8, and 6.2, p = .01. The Mass X Time Block interaction was significant for the L data, F(2, 12) = 4.2, p < .05. The main effects for target set, as well as each of the other interactions, were not significant (p > .10). The main effect for time block indicates that participants tended to overshoot the shift from the central targets in the first time block to the L or R targets in the third time block. The D p values were -0.88° and -1.68° for the first and third time block, respectively, in the L conditions, and -1.40° and 1.06°, respectively, in the R conditions. Thus, participants tended to shift their pointing by an average of 4.08° between the first and third time blocks, rather than the required 2.45°. The main effect for mass indicates that the participants' pointing was reliably biased by the different mass conditions. The D p values with the eigenvector oriented to the right, center, and to the left were -1.90, -1.23, and -0.72, respectively, in the L conditions, and -0.86, -0.03, and 0.38, respectively, in the R conditions. A Tukey HSD test determined that D p with the eigenvector oriented to the right was significantly smaller (more leftward) than D p with the eigenvector oriented to the left in both the L and R conditions (p < .01 and .05, respectively). As predicted, relative to pointing in the symmetrical mass condition, the trend was for the participants to point farther to the right when the left side was weighted and farther to the left when the right side was weighted. Thus, the direction of the pointing errors in each condition corresponded to the direction in which the eigenvectors were reoriented by the added weight. The mean pointing directions (as indicated by the points of reversal) as a function of mass condition for each of the 7 participants in Experiment 3 are presented in Table 7 , with corresponding standard deviations and number of observations for each given in Table 8 . The number of observations Tables 7 and 8 are collapsed over time block and L-R target conditions. The 24 D p values (3 mass conditions X 2 target sets X 2 time blocks X 2 L or R) were used to derive the observed pointing bias due to the mass manipulations by subtracting from each the mean pointing bias for the corresponding target. Simple regression of this observed bias on the mass conditions (2.7°, 0°, -2.7°, which corresponded to a predicted bias when multiplied by -1) resulted in an r 2 = .91 (p < .0001) and a slope of 0.22 with lower and upper 95% confidence intervals of 0.19 and 0.26, respectively (see Figure 5) . As was the case with Experiments 1 and 2, the confidence intervals indicate that the slope is significantly less than predicted, indicating that participants were not affected by the mass displacement to the extent that the eigenvector orientations predict. Experiment 3, therefore, replicates the finding of Experiments 1 and 2 in that the participants' pointing behavior was biased by the direction of the arm's eigenvector, but this bias was not of the magnitude predicted by the estimations of the eigenvectors. Additionally, the fact that the confidence intervals for Experiment 3 fall completely outside those for Experiments 1 and 2 indicates that the slope for Experiment 3 was significantly smaller than that of Experiments 1 and 2. This was confirmed by a multiple regression with the dependent variable of observed pointing bias, the continuous independent variable of eigenvector angle (predicted bias), and the categorical independent variable of experiment (Experiment 3 vs. the combined data of Experiments 1 and 2; Pedhazur, 1982) . The interaction was significant, F(l, 41) = 206.1, p < .001, as was the main effect for eigenvector angle, F(l, 42) = 120.1, p < .001, whereas the main effect for experiment was not (F < 1). In summary, the results of Experiment 3 provide evidence that perceived arm orientation varies as a function of the orientation of the limb's mass distribution, as quantified by e 3 , but the effect was much less than predicted by our calculations and was less than observed in Experiments 1 and 2.
General Discussion
The research reported here provides strong evidence for a dependency of proprioception on /,-,-_ It extends the results of previous studies Turvey et al., 1992) by demonstrating that the dependency of perceived orientation of wielded objects holds for limbs, and suggests that the manner in which hand-held objects are perceived by wielding may generalize to the manner in which limbs are perceived through self-induced motions. Simply put, moving one's limbs can be considered a case of dynamic touch, and the manner in which any object, including limbs, is perceived by dynamic touch may be one and the same.
In each of the three experiments, the constant biases and variability of the judgments was rather high (see Tables 4,  6 , and 8). The magnitude of the variability observed in these experiments, however, is about what is to be expected from pointing behavior performed without the aid of vision or feedback of the limb's endpoint (e.g., Cohen, 1958a Cohen, , 1958b , and are in part due to constant errors in pointing to different locations relative to the body. In Experiments 1 and 2, for example, the participants pointed a mean of 1.6° to the right of Target A and 0.9° to the right of Target B, targets that were located 20. 4° and 8.7° to the left of the midsagittal plane, respectively. Such constant biases were the same for each of the different mass conditions. The reported regressions depict the variability in the participant's pointing behavior due to the eigenvector manipulations, once the variability due to constant biases has been removed. These regressions indicate that the participant's perceived limb orientations were reliably biased by manipulations of the limb's eigenvectors. Two aspects of these results, however, appear to differ from the predicted effects; the shift in perceived limb position due to the eigenvector manipulations was consistently less than that predicted in all three experiments, and Experiment 3 produced only a small (though reliable) effect of the eigenvectors on perceived arm position. Concerning the second point, through the discussion of the dynamic nature of /,-,-we find that the low slope observed in Experiment 3 is most likely due to the restrictions placed on the participant's exploratory movements in that experiment. We now discuss the nature of the slope observed in Experiments 1 and 2.
The relative direction and magnitude of the pointing bias observed in the participants of Experiments 1 and 2 matched the order of the eigenvector manipulations. The participants, however, were not affected by the mass displacement to the extent that the eigenvector orientations predict. It was estimated that e 3 of the arm was displaced 2.1° in the two asymmetric mass conditions of Experiment 1. As is evidenced by Table 4 , however, the mean pointing directions for the 8 participants in Experiment 1 varied by about 1.4°. Likewise, in Experiment 2, it was estimated that e 3 of the arm was displaced 1.2° in the two 200-g asymmetric mass conditions relative to the 100-g asymmetric mass conditions, and 2.4° between the 100-g asymmetric mass conditions. The mean pointing directions for the 7 participants in Experiment 2 varied by about 1.0° in the former case and by 1.4° in the latter case. It seems that the participants' pointing behavior was biased by the direction of the arm's eigenvector, but this bias may not have been complete. It is possible that the felt limb position is some compromise between eigenvector and joint angle. However, the relative insensitivity of the joints at intermediate joint angles (e.g., Clark & Burgess, 1975) , such as those required to position the limb toward the targets in the present experiments, make this explanation unlikely. It is also possible that participants perceived the added mass as belonging to an external handheld object and discounted it, leading to a reduced pointing bias. Of particular relevance is the demonstration of participants' sensitivity to the way in which an object's mass is distributed to either side of the hand (Pagano et al., 1994) . If this were the case, however, it would be unclear why participants were unable to discount the added mass entirely, given the extreme sensitivity of the haptic system to the mass distribution of such objects. It is important to note that the calculations of the magnitude of the eigenvector manipulations are estimates. The limitations of the regression equations used to calculate I tj are widely known (e.g., Gagnon, Robertson, & Norman, 1987) and include the fact they were derived from a small sample of dissected cadavers. The question remains, however, why such modeling errors would be systematic rather than random. A possible answer may lie in the fact that the regression equations do not take into account the resistance to rotation at a joint contributed by the contractual states of muscles. In these experiments, muscle contraction was required not only to rotate the limb about the shoulder but also to resist the tendency of the asymmetrically weighted object to rotate under the force of gravity. It has been hypothesized that the torsion of the limb's tissues needed to position an object at different inclinations relative to gravity may influence the mapping from magnitudes of invariant mechanical parameters (such as 7,y) to magnitudes of properties perceived by dynamic touch (Carello, Fitzpatrick, Domaniewicz, Chan, & Turvey, 1992 ; see also Solomon & Turvey, 1988) . 4 The relationship between gravity and /,-,-in both exteroceptive and proprioceptive tasks is an important topic for future study.
The rationale for proposing a proprioceptive role for /,-,-is threefold. First, I tj has been demonstrated to be the relevant parameter by which participants come to know about the spatial properties of hand-held objects that they can wield but cannot see. Second, 1^ acts "on-line," it is potentially informative of the instantaneous states of an object's (or limb's) dispositions independent of any stored or learned representations of the object's past or potential states. Third, Ijj is a "dynamic" parameter, revealed only through the three-dimensional motion of a rigid body, and is an invariant aspect of these rigid-body dynamics. Although the first point has been addressed in the introduction, the last two points remain to be discussed here.
The Relevant Parameters for Proprioception Act On-Line
The existence of an internally stored "model of oneself or body "schema" (Head, 1920) that is based on some combination of past and current sensory information (Parsons, 1990 ) is typically regarded as necessary for proprioceptive abilities. "For it would be impossible to discover the position of any part of the body, unless the immediate postural impressions were related to something that had preceded them. A direct perception of posture ... cannot occur: in every case, the new position of the limb is related to some previous posture" (Head, 1920, p. 669) . This "previous posture," in the form of a stored body scheme, was originally defined by Head and Holmes (1911-1912) as a "combined standard, against which all subsequent change in posture is measured" (p. 187). More recently, it has been defined as an abstract internal representation of the body's spatial and mechanical properties, "containing the internal model of the body and including the set of basic motor mechanisms and of algorithms for their coordination ..." (Gurfinkel & Levick, 1991, p. 152 ; see also Parsons, 1990) . It is commonly assumed, for example, that the coordinates of a distal extremity can only be obtained from knowledge of joint angles and limb lengths, information that must be available in the central nervous system before the initiation of movement (Craske, Kenny, & Keith, 1984; Gurfinkel & Levick, 1979 . These assumptions are challenged by evidence obtained from studies involving muscle-tendon vibration.
The perceptions of limb position and movement that follow from muscle-tendon vibration seem to counter the idea that proprioception is based on stored knowledge. Craske (1977) induced errors in perceived limb position by vibrating the tendons of the limb in question. Importantly, the perceived limb positions were often impossible; when either the biceps or triceps tendons were vibrated, the forearm was often perceived to be at an angle of extension beyond that which is anatomically achievable. In a similar experiment by Lackner and Taublieb (1984) , participants perceived the location of the right hand to be dissociated from the forearm when the right biceps brachii was vibrated. Although the vibration caused the perceived location of both the hand and forearm to become displaced relative to their actual locations, the displacement of the forearm was perceived to be much greater than the displacement of the hand, so that the hand seemed to be left behind and no longer spatially contiguous with the forearm. Anatomy precludes previous experience with such limb configurations. These results-demonstrating that the range of perceived joint angles is not limited to the actual range of joint angles (Craske, 1977) and the perceived locations of limb segments are not limited to those that are anatomically possible (Lackner & Taublieb, 1984) -suggest that perception of limb position occurs contrary to, or simply in the absence of, a stored body scheme. The perceived dispositions of the limbs at a given point in time appear to be a function of stimulation occurring at that moment.
Instead of an internally represented body scheme, it seems that one or more mechanical parameters characteristic of a limb in motion (which are identical to those for any real object in motion) such as Iy provide the basis for one's proprioceptive abilities. This idea is continuous with the hypothesis proposed by James Gibson (1959 Gibson ( , 1966 : perception is possible through the pickup of invariants. "... [TJhere is always some discoverable variable in stimulation-in the flowing array of energy at the sense organs of an animal-which determines the character of the perceptual process aroused by it" (1959, p. 457) . The present work stands in contrast to most traditional theories of proprioception, which propose acquired or innate mechanisms (e.g., body scheme and knowledge of limb lengths and joint angles), by implicating an on-line means of knowing about the dispositions of one's limbs through invariants within the patterning of forces acting on tissues of the body during movement.
Given that any movement of the body and its limbs typically involves motions about several joints concurrently, there can be defined a separate I tJ for each segment and its corresponding joint. That is, an I tj can be assigned to each point in joint space (the joints of the limbs and limb segments). Accordingly, there is an inertia tensor field or Iy field. This ly field has proved useful to understanding the constancy of object properties perceived by wielding about varying degrees of freedom . Given the I (j field, a modified conception of the body scheme can be proposed, one which views the body scheme as incorporating the dispositions of each limb and limb segment perceived according to the instantaneous states of the Iy field during self-induced movements. /,-, can be represented geometrically by the ellipsoid of inertia (e.g., Ayra, 1990) , which captures an object's mass "in the mean" (Starzhinskii, 1982) about O. Likewise, the dispositions of the limb distal to each joint O can be represented geometrically by the magnitudes and directions of the ellipsoid of inertia at each O (see Figure 6 ). The ellipsoid of inertia is potentially definitive of object structure for dynamic touch in that the magnitude, shape, and orientation of the ellipsoid of inertia seems to fully describe an object's magnitude, shape, and orientation as perceived by wielding (Fitzpatrick et al., 1994; . The body scheme, more precisely referred to as the perceptual consequences of the Iy field, may be represented geometrically by ellipsoids of inertia, one at each O. The importance of the ellipsoid of inertia lies in the fact that it is a geometric rendering of the way in which forces act on an object or limb. It is a rendering of the way in which Iy quantifies the geometric nature of an object's mass distribution. In consequence, it may provide an alternative to models of proprioception that propose separate representations for kinematic and dynamic (force) parameters, with coordinate transformations required to reconcile differences between the two (see Figure 6 . The dispositions of the limb distal to each joint O can be represented geometrically by the magnitudes and directions of the ellipsoid of inertia. Flanders, Helms-Tillery, & Soechting, 1992) . In principle, the /;, field is sufficiently structured to be informative not only about postures but also about transformations of postures. Like the contrast between the optic array (at a fixed point of observation) and the transforming optic array (at a changing point of observation; see Gibson, 1966 Gibson, , 1986 , the specifying ability of the /,-,-field should be enhanced by transformations over time.
The Relevant Parameters for Proprioception Are Dynamic
lij is a movement-produced invariant, a parameter that couples the (muscular and other) forces impressed on the system to the system's states and that is only brought into play through motions of the system (Solomon, 1988; Turvey & Carello, in press ). Importantly, the torques required to rotate an object about a fixed point at a given instant, or conversely the torques generated by the object, are only revealed to the system when such motions and forces are actively produced (or resisted) by that system. Thus, /;, is dynamic parameter revealed only by active exploration.
Greater accuracy in position sense with active as opposed to passive movements has been demonstrated (Paillard & Brouchon, 1968 . This demonstration implicates a dynamic component originating within the muscles over and above signals from joint receptors. In studies by Brouchon (1968, 1974) , blindfolded participants were asked to move one arm to a position along a vertically fixed rod and then to match its elevation with the other arm. Positioning error was greater when the target arm was passively moved into position by the experimenter compared with when it was actively positioned by the participant. It was concluded that proprioceptive information originating in the discharge of muscle spindle receptors, which is brought into play by self-induced movement and absent during stabilized position of the limb, may contribute to the perception of a limb's spatial position (Paillard & Brouchon, 1974) . Relatedly, properties of objects (e.g., texture, surface compliance, mass and inertia, shape and volume, or function) can be identified rapidly and reliably only when the observer is allowed to actively explore and manipulate the object (Gibson, 1962 (Gibson, , 1966 Lederman & Klatzky, 1987) . The major distinction between the active and passive case is that the former is a case of exploratory behavior; the latter is not. In the present series of experiments, the active exploration (i.e., the dynamics) occurred when the participant freely moved the limb before pointing (Experiments 1 and 2) or when the participant moved the limb in a restricted manner while pointing successively (Experiment 3). The pointing behavior was found to be more strongly determined by the dynamic parameter Iy when less restricted exploration was allowed, the condition that better reflected natural movements. The less restricted wielding of Experiments 1 and 2 allowed participants to more fully explore the dynamics of the limb, and consequently /,-,-was better reveated in that case.
Exploratory behavior generates stimulation, which has been referred to as obtained stimulation (Gibson, 1962 (Gibson, , 1966 . Investigations regarding the active perception of whole-body orientation (e.g., Riccio, Martin, & Stoffregen, 1992; Stoffregen & Riccio, 1988) have revealed that obtained stimulation is "textured" by the dynamics of the animal-environment interaction (Riccio, 1993, in press ). This work demonstrates that (a) the orientation of the body relative to the direction of balance is specified by patterns of body movement together with the actions required to resist such movements, (b) perception of orientation (a direction) is meaningful only when there are orientation-dependent (directional) constraints on control, and (c) passive observers have difficulty picking up information about orientation and are influenced less by balance dynamics than active observers (see Riccio, 1993; Riccio et al., 1992) . In short, the perception of whole-body orientation is based on dynamics. This work is similar to the present research in that both emphasize that active perception is a function of information about dynamics contained in the constraints that dynamics imposes on movement (G. E. Riccio, personal communication, January, 1994 ; see also Riccio, 1993) . For dynamic touch, this information about movement dynamics can be quantified by l tj , the eigenvalues and eigenvectors of ly being quantifications of movement constraints lawfully tied to the magnitudes and directions of an object's (e.g., a limb's) mass distribution.
5
Concluding Remarks
The ability of humans to perceive the spatial orientation of an occluded arm was investigated in three experiments. It was hypothesized that this ability is tied to the pattern of the limb's resistances to rotation, as quantified by the eigenvectors of the inertia tensor. The inertial eigenvectors for any object are its axes of rotational symmetry; they define the orientation of the object's mass distribution about the point of rotation. By breaking the coincidence between the eigenvectors of the arm and its longitudinal axis, we demonstrated that perceived limb orientation varied as a function of the limb's eigenvectors, rather than the angle of the arm at the shoulder or other mechanical parameters such as N g . These results underscore the importance of inertia tensor invariants to the perception of spatial properties by dynamic touch. Finally, the success of the present work in showing that perceived limb direction varies as a function of the eigenvectors suggests that future research should be di-rected at the possibility that the eigenvalues map onto perceived limb magnitudes.
